Anterior-posterior (A-P) patterning in the neuroectoderm is established during gastrulation in zebra®sh and amphibians. We isolated a novel zinc-®nger gene fez-like ( fezl) from zebra®sh, which displays sequence similarities to Xenopus Fez. The fezl transcripts were detected in the anterior edge of neuroectoderm, the prospective dorsal forebrain, from the late gastrula (80% epiboly stage) to the mid-segmentation period. fezl was also expressed in the ventral forebrain overlying the prechordal plate at these stages. The expression of fezl was enhanced in embryos expressing the Wnt inhibitor Dkk1 and reduced in embryos expressing Wnt8b. The expression in the ventral forebrain was eliminated in the one-eyed pinhead mutant and the antivin RNA-injected embryos, which lack the prechordal plate. Radiation hybrid mapping revealed that the fezl gene is localized to linkage group 11. q
Results and discussion
Nieuwkoop's two-signal model is generally accepted for anterior-posterior (A-P) neural induction (reviewed in Niehrs (1999) ; Sasai and De Robertis (1997) ) in vertebrate embryogenesis. In this model, the ectoderm is induced to become neuroectoderm by an`activator' that is secreted from the prechordal plate during gastrulation. Subsequently, the inductive (`transformer') signals released from the chordamesoderm and paraxial mesoderm confer posteriorization of the neuroectoderm. The recent identi®cation of molecules with head-inducing activity provides a molecular basis for this model and suggests that two inhibitory signals are implicated in the A-P neural patterning. Inhibition of both BMP and Wnt signals leads to the formation of anterior neuroectoderm; the inhibition of the BMP signal and the activation of Wnt signals speci®es the posterior neuroectoderm (Niehrs, 1999) . Cerberus, Dkk-1, and Frzb-1, which are expressed in the prechordal plate and anterior endomesoderm (or anterior visceral endoderm in mouse), inhibit the Wnt signals and are capable of anteriorizing the neuroectoderm (Glinka et al., 1997 (Glinka et al., , 1998 Piccolo et al., 1999) . In addition, either Cerberus alone, or Dkk-1 and Frzb-1 together with the BMP inhibitors, induce a complete ectopic head structure when they are misexpressed in the ventral marginal zone of Xenopus embryos (Bouwmeester et al., 1996; Glinka et al., 1998; Piccolo et al., 1999) . These data identify Wnts and anti-Wnt molecules as the posteriorizing and anteriorizing factors, respectively.
We previously isolated zebra®sh dkk1, which is expressed in the dorsal yolk syncytial layer (YSL) and the dorso-anterior mesendoderm (Hashimoto et al., 2000) . Overexpression of Dkk1 leads to enlargement of the forebrain, and rescues the defects in forebrain development normally observed in bozozok mutants, suggesting a pivotal role for Dkk1 in the head formation of zebra®sh (Hashimoto et al., 2000) . We sought genes downstream of Dkk1 that are expressed in the anterior neuroectoderm. cDNA libraries were constructed from late gastrula (9 hpf) embryos overexpressing dkk1 and embryos treated with LiCl, which activates the Wnt pathway (Klein and Melton, 1996) , after the mid-blastula transition (MBT), and subjected to a PCRbased subtraction. One clone was strongly expressed in the dkk1 RNA-injected embryos but scarcely detected in the LiCl-treated embryos by Northern blotting (data not shown). Sequence analysis revealed an open reading frame of 430 amino acids, containing six repeats of C2H2-type zinc ®ngers at the carboxyl terminus. The predicted amino acid sequence displays strong similarities to Xenopus Fez (AF195021) (Matsuo-Takasaki et al., 2000) within the zinc ®nger regions (95.7% identity) (Fig. 1A) , www.elsevier.com/locate/modo thus we named the cDNA fez-like (fezl). We isolated a mouse homologue of fez-like using standard hybridization techniques and PCR, basing the primer sequences on the EST clones (TC82701 deposited in the TIGR database). Previously, zebra®sh (AI72259) and mouse (AI325906) EST clones were reported to be homologues of Xenopus Fez (forebrain embyonic zinc-®nger) (Matsuo-Takasaki et al., 2000) . fezl displays sequence similarities to the zebra®sh EST clone but was not identical to it, whereas mouse fez-like homologue was identical to the mouse EST clone (data not shown). Although zebra®sh Fezl displayed a strong homology to the mouse Fez/Fezl homologue outside of the zinc®nger, Xenopus Fez was less homologous to those in the same region (Fig. 1A ). This suggests that zebra®sh Fezl and mouse Fez/Fezl homologue may be distinct from Fez and that Fez-like is a novel zinc ®nger protein conserved among vertebrate. In addition to the zinc ®ngers, Fezl has an amino acid motif similar to the repressor domain of various transcriptional repressors, such as Engrailed, Goosecoid, Dharma, and Anf/Hesx-1/Rpx1, at the amino terminal region, suggesting that Fezl is a transcriptional repressor (Fig. 1B) .
Radiation hybrid mapping places fezl in linkage group (LG) 11, located between the SSLP markers z3412 and z4190 (between 39.1 and 40.5 cM from the top of LG11, with a LOD score of 8.44).
fezl expression was ®rst detected in the anterior region of the neuroectoderm at the late gastrula period (80% epiboly stage, Fig. 2A ). The transcripts were con®ned to the anterior edge of the neuroectoderm by the tailbud stage. In addition to this domain, fezl transcripts were also detected in the midline of the anterior neuroectoderm (Fig. 2E) . Saggital sections showed fezl transcripts in the anterior edge of the neuroectoderm and the ventral forebrain overlying the prechordal plate (Fig. 2J) . The expression domain of fezl overlapped that of six3 and its pattern is very similar to that of anf (Fig. 2E±G) ; thus, fezl is speci®cally expressed in the forebrain region. Double staining with fezl and¯oat-ing head (¯h) revealed that the fezl expression domain contains the prospective epiphysis (Masai et al., 1997) (Fig. 2I) , suggesting that the posterior end of the fezl expression is the boundary between diencephalon and mesencephalon. The anterior expression domains were fused to the dorsal midline following the closure of anterior neural tube around the 4±6-somite stage (Fig. 2K,L) . The fezl transcripts continued to be detected in the forebrain, excluding the eye regions, until the mid-segmentation period (18 hpf, expression at 14 hpf in Fig. 2M ). The expression was not detected later than the segmentation stage by in situ hybridization (or RT-PCR) (data not shown).
The fezl expression domain was expanded in embryos injected with dkk1 RNA (Fig. 3D) . In contrast, fezl expression in both the anterior edge and the midline was strongly diminished in embryos injected with an expression plasmid bearing wnt8b and in embryos treated with LiCl after the MBT (Fig. 3B,C) . The situation was similar for the expression of six3 and anf (data not shown). The fezl expression in the ventral forebrain was not detected in zygotic one-eyed pinhead (oep) or in maternal-zygotic oep (MZ-oep) mutant embryos (Fig. 3E,F) , or in embryos overexpressing Antivin, the inhibitor for Activin and Nodal (Bisgrove et al., 1999; Meno et al., 1999; Thisse and Thisse, 1999) (Fig. 3G) . These embryos lack the Nodal-related signal and display defects in the formation of the prechordal plate Schier et al., 1997) , suggesting that the fezl expression in ventral forebrain depends on the Nodal-related signal or the inductive signals released from the prechordal plate. We previously demonstrated that overexpression of Dkk1 anteriorizes the neuroectoderm in embryos overexpressing Antivin, which lack axial mesendoderm (Hashimoto et al., 2000) . In embryos overexpressing Dkk1 and Antivin, the fezl expression in the anterior neuroectoderm edge was enhanced while the expression in the ventral forebrain was eliminated or absent (Fig. 3H ). This correlates with expansion of the dorsal forebrain in these embryos (Hashimoto et al., 2000) .
In summary, fez-like is a novel zinc ®nger gene that is speci®cally expressed in the dorsal and ventral forebrain.
Methods
2.1. RNA synthesis for expression and cDNA cloning dkk1 RNA was synthesized as described previously (Hashimoto et al., 2000) . Twenty picograms of synthetic RNA was injected into one-to-four-cell-stage embryos and the embryos were harvested at 9 hpf (late gastrula period). Embryos treated with 0.3 M LiCl at 5 hpf were also harvested at 9 hpf. The two cDNA libraries were constructed from 1000 Dkk1-overexpressing embryos and 1000 LiCl-treated embryos, respectively. The cDNA subtraction was carried out by a PCR-based method using a PCR-Select cDNA subtraction Kit (Clonetech), principally according to the manufacturer's protocol. The only the exception was that, to remove the injected dkk1tran-scripts, excess amounts of the EoRI-XhoI fragment of dkk1 from pCS21 dkk1 were added to the cDNA pool for the LiCl-treated embryos before the adapter ligation. The positive clones were selected by Northern blotting using total RNA from the dkk1 RNA-injected embryos and the LiCl-treated embryos. One positive cDNA fragment was further used to screen the Dkk1-overexpressing gastrula cDNA library, which was constructed in the lambda Zap phage (Stratagene). To obtain mouse fezl cDNA, we ®rst isolated a fragment by PCR from a mouse E16.5 cDNA library using the primers GCGAATTCGCTCCACGCT-CAACACGCACATCCG and CGGGATCCTTTAAGT- CAAAGTTTCTGCAAAA. A mouse cDNA fragment including the entire coding region was obtained by a standard hybridization screening of an E12.5 cDNA library combined with 5 H RACE. antivin RNA for overexpression was synthesized as described previously (Thisse and Thisse, 1999) , and the wnt8b plasmid was injected as reported (Hashimoto et al., 2000; Kelly et al., 1995) .
Radiation hybrid mapping
The radiation hybrid DNA panels LN54 (a kind gift from Marc Ekker) (Hukriede et al., 1999) and Goodfellow T51 (Geisler et al., 1999) were screened by PCR using the following primers: Fezl5 H GGAAACGATTCTTCCAGAGG and Fezl3 H TGGTTTGCTTTACTGCGTCA. PCR was performed for 35 cycles with an annealing temperature of 55 o C. Linkage analysis was performed using software from the Zebra®sh Information Network at the University of Oregon (for LN54, the link is http:// z®sh.uoregon.edu/z®n/) and the Max-Planck-Institut fu Èr Entwicklungsbiologie (for T51, http://wwwmap.tuebingen.mpg.de:8082/rh/). The results from LN54 and T51 were essentially the same.
Transcript detection
Whole-mount in situ hybridization was performed as described (Jowett and Yan, 1996) . To make a fezl antisense probe, pBK-CMV fezl was digested with SalI, and anti-sense fezl RNA was synthesized using a T7 RNA polymerase and digoxigenin-labeled UTP. To make an anf probe, pZL-danf, which was isolated by hybridization screening of a late gastrula cDNA library, was digested with SalI and transcribed with SP6 RNA polymerase. To make a¯h probe, pCR2.1 containing a¯h cDNA fragment ampli®ed by PCR was digested with BamHI and the probe was synthesized using a T7 RNA polymerase and¯uores-cein-labeled UTP. The expression of six3 and fgf8 were detected as described previously (Furthauer et al., 1997; Kobayashi et al., 1998) . BM purple AP (BoehringerManheim) and Fast Red were used as alkaline phosphatase (AP) substrates. Pictures were taken using an AxioPlan-2 microscope (CarlZweiss) and an HC-2500 3CCD camera (Fuji Film). Figures were assembled using Adobe Photoshop version 5.5.
Zebra®sh strain
For the analysis of the oep mutants, the oep tz57 allele was used in the AB/Tu Èbingen genetic background (Hammerschmidt et al., 1996) . Maternal-zygotic oep mutants were raised as described previously . 
